Summary. Gilts were treated on Day 112 of gestation with saline or a prostaglandin (PG) F-2\g=a\ analogue. In control gilts there was a rise in the relaxin concentration from 48 h before the onset of delivery, peaking between 12 and 28 h pre partum followed by a steep fall. The relaxin concentrations at each 1-h time interval were analysed in relation to the farrowing interval for each gilt using correlation analysis. There was a significant (at least P < 0\m=.\05)positive correlation between the relaxin concentration and the farrowing interval at every time period from 14 to 2 h before delivery. In contrast there was little relationship between concentrations of progesterone, oestrone and oestradiol-17\g=b\ and farrowing intervals. The gilts treated with PGF-2\g=a\ analogues had steroid profiles indistinguishable from those in controls but differing relaxin secretion patterns. Relaxin concentrations peaked at 1\p=n-\2h after PGF-2\g=a\ injection and this was followed by a second smaller increase closer to the time of delivery in 7 out of 12 gilts. The 'two-peak' gilts had significantly higher relaxin concentrations at farrowing and took significantly longer to farrow than did the 'one-peak' gilts (P < 0\m=.\005). These results suggest that high relaxin concentrations during the last 14 h before the onset of parturition are associated with increased farrowing times, but are not associated with any increase in neonatal mortality.
Introduction
Concentrations of relaxin in the peripheral blood of pigs remain low throughout most of gestation, but rise slowly from Day 100, culminating in a major surge peaking about 18 h before the start of delivery, and declining before parturition has begun (Sherwood et ai, 1975 (Sherwood et ai, , 1981 Sherwood, 1982) . Relaxin appears to be necessary for normal deliveries since ovariectomized pigs or those with CL excision maintained on progesterone and induced to farrow by withdrawal of progesterone have prolonged deliveries and a high incidence of stillbirths, which are prevented by replacement of relaxin (Kertiles & Anderson, 1979; Nara et ai, 1981 Nara et ai, , 1982 . Relaxin inhibits myometrial activity in the pig (Porter & Watts, 1986; Watts et ai, 1988) and it has been suggested (Porter, 1979) that in the normal animal the relaxin surge could prevent premature uterine contractions during the period of progesterone withdrawal. Moreover, there is good evidence that relaxin increases cervical distensibility (for review, see Porter, 1981) and further work in the rat has indicated that relaxin can act centrally to inhibit oxytocin release (Summerlee et ai, 1984; Jones & Summerlee, 1986a) . These studies suggest that relaxin may play a complex role at parturition. The surge may be necessary to achieve cervical dilatation, but high concentrations of relaxin thereafter could inhibit the process of delivery. It was therefore of interest to determine whether a relationship exists between plasma relaxin concentrations and farrowing intervals in pigs. These studies were performed in control animals and in pigs induced to farrow with analogues of prostaglandin (PG) F-2a, as this treatment results in an altered pattern of relaxin secretion (Sherwood et ai, 1976 Radioimmunoassay s (RIAs). Previously validated RIAs were used for the measurement of relaxin (every 1 h) and progesterone, oestrone and oestradiol-17ß (every 2 h).
Relaxin RIA. Assays were performed as described previously at dilutions of 1:5 and 1:50 for each sample. Assay sensitivity was 32 pg/tube, and the intra-and inter-assay coefficients of variation were 2-5% and 21-5% respectively.
Progesterone RIA. This was performed as described by King el at. (1985) , using 10 µ plasma samples. The extraction efficiency was 90%, the assay sensitivity was 153 pg and the intra-and inter-assay coefficients of variation were 8-8% and 7-5%, respectively.
Oestrogen RIAs. These were performed as described by Robertson et al. (1985) . Plasma samples (100 pi) were extracted and the two steroids separated by celite column chromatography. The extraction efficiencies were 90% for oestradiol-17ß and 80-85% for oestrone and the assay sensitivities were 2-1 pg and 1 -9 pg for the two steroids respect¬ ively. The intra-and inter-assay coefficients of variation were 9-2% and 12-5% for oestradiol-17ß and 7-2% and 13-4% for oestrone.
Statistical analysis. The farrowing interval (FI) for each pig was calculated as the total time taken to deliver all the piglets divided by the litter size. Time zero was defined as the collection period before the birth of the first piglet. The relationship between the farrowing interval and the hormone variables (e.g. time of relaxin peak height) and the hormone concentrations at each 1-or 2-h interval preceding the onset of parturition was examined using linear correlation analysis. An initial comparison between the relaxin profiles of the two groups given prostaglandin treatments was made using ANOVA. This showed no significant differences over time and the two PG-treatment groups were therefore combined for subsequent analysis. All variâtes followed a normal distribution. Separate correlation analyses were made for the control and PG-treated groups. Comparisons between parturition character¬ istics were made using a Mann-Whitney or Student's / test.
Results
The endocrine changes in response to treatment have been reported in detail in a separate paper (King & Wathes, 1989) . In brief, parturition occurred significantly earlier after PG treatment, with injection to farrowing intervals of 67 ± 14, 29 + 3 and 24 ± 1 h for the control, dinoprost and cloprostenol groups respectively (mean + s.e.m., = 6 per group). The progesterone, oestrone and oestradiol-17ß profiles before delivery were similar in all three groups, with progesterone concentrations falling in the last 24 h and little change in oestrogen values during this period. However, the relaxin profiles clearly differed among groups. In the control gilts there was a gradual elevation in the circulating concentration from 48 h before delivery with an initial minor peak about 30 h pre par turn and a major peak between 12 and 28 h pre par turn after which titres fell steeply. Changes in the 2 PG-treatment groups were similar, with a relaxin peak occurring within about 1 h of treatment, at an average time of 24-8 h before the start of delivery. In 7 out of 12 animals this peak was followed by a second smaller one. The results presented here examine the relationship between these endocrine changes and the duration of delivery in individual gilts. All piglets in all groups were born alive.
Control gilts
These 6 animals produced 9-5 ± 0-4 piglets in 3-4 ± 0-8 h (range 1-3-5-6 h) leading to a mean farrowing interval of 0-36 + 0-08 h (range 0T2-0-56 h). Gilts with higher relaxin concentrations in the last 24 h before delivery took longer to farrow (Fig. 1) . The length of the farrowing interval for each pig was not related to the total number of piglets each animal produced, or to the interval from saline injection to parturition, but there was a significant positive correlation between the height of the relaxin peak and the farrowing interval (P < 005) and a significant negative corre¬ lation between the time interval from peak height to farrowing and the farrowing interval (P < 005). To examine this relationship in more detail the relaxin concentrations at each 1-h time interval leading up to the initiation of delivery were correlated with the farrowing interval (Fig. 2) . There was a significant positive correlation between these two variables at each individual time period from 14 to 2 h before delivery. During this period, the minimum value of the correlation coefficient, r, always exceeded the critical value of 0-81 (P < 005), which implies that a linear association between the relaxin concentration and the farrowing interval accounted for a minimum of 66% of the total variation in the data. In contrast to this consistent correlation with relaxin, there was little relationship between steroid concentrations and delivery times. The time from the first decline in progesterone concen¬ trations to parturition was not related to the farrowing interval. Looking at individual 1-h time periods for progesterone there was one significant (P < 0-05) negative correlation at -12 h (Fig.  2) . Oestrone concentrations showed a significant positive correlation at -6 and -4 h whereas the oestradiol-17ß concentrations were not related to the farrowing interval (Fig. 3) . The oestrogen: progesterone ratios were also examined. There was a significant correlation (P < 005) between both the oestrone: and oestradiol:progesterone ratios at -20 h, and the oestradiokprogesterone ratio was also correlated at -24h ( < 005, data not shown). Therefore, these significant correlations between farrowing interval and steroid concentrations only occurred sporadically (5 occasions out of 84 correlations, 5-9%) and may well have arisen by chance. Fig. 2 . Linear correlation analysis between the relaxin (·-·) and progesterone ( -) plasma concentrations and farrowing intervals in 6 control gilts calculated at each 1-h time interval (for relaxin) and 2-h time interval (for progesterone) from 28 h before the start of parturition (time 0) until 3 h after. Broken lines show critical levels of significance (P < 005 and < 001).
Prostaglandin-treated gilts
The 12 PG-treated gilts produced 8-5 ± 0-65 piglets in 30 ± 0-61 h (range 0-56-6-88) leading to a mean farrowing interval of 0-35 ± 007h (range 0-08-0-77). None of these values differed significantly from those in the control group (Student's ; test). There was a significant (P < 001) positive correlation between the interval from PG injection to farrowing and the farrowing interval but, in contrast to the control gilts, there was no correlation between either the height of the relaxin peak, or the interval from the relaxin peak to the onset of farrowing, and the farrowing interval. Neither was there a significant correlation between relaxin concentrations at different 1-h time periods and farrowing intervals. However, an examination of individual relaxin profiles (Fig. 4) revealed wide differences in response between animals, with 7/12 having a second smaller relaxin peak between the time of treatment and the onset of parturition. This meant that relaxin concen¬ trations were not necessarily following the same trend (increasing or decreasing) among different animals at the same time relative to farrowing. The gilts were therefore divided into two sub¬ groups for further analysis, based on either one or two relaxin peaks. The 'two-peak' animals had a significantly higher relaxin concentration at the onset of farrowing and took significantly longer to farrow (Table 1) .
Steroid concentrations were also examined in relation to farrowing intervals. The changes in steroid concentrations with time did not differ between control and PG-treated pigs. The Fig. 3 . Linear correlation analysis between the oestrone ( -) and oestradiol-17ß ( --) concentrations and farrowing intervals in 6 control gilts, calculated at each 2-h time interval from 28 h before the start of parturition (time 0) until 2 h after. Broken lines show critical levels of significance (P < 005 and < 0-01). The solid bar indicates the period throughout which there was a significant correlation between the relaxin concentration and the farrowing interval.
Discussion
Analysis of the hormone profiles from the control gilts has established a clear positive association between the circulating relaxin concentrations in the period from 14 to 2 h before delivery and the time taken to deliver the piglets. Although the mechanism by which relaxin may produce this effect was not examined in the present study, it is reasonable to conclude that it may have been attribu¬ table to at least two of the known actions of this hormone. Relaxin inhibits the myometrium in the pig (Porter & Watts, 1986) and it has been shown that in the late pregnant mini-pig the evolution of electromyographic activity in the uterus does not begin until plasma relaxin concentrations decline, despite increasing concentrations of PGFM (Watts et ai, 1988) . Also, it has been shown that relaxin inhibits the release of oxytocin from the posterior pituitary in the rat (Summerlee et ai, 1984) and that infusion of relaxin into rats during the perinatal period prolongs gestation and increases the birth interval significantly while reducing oxytocin output (Jones & Summerlee, 1986a, b) . It is known (Forsling et ai, 1979; Taverne et ai, 1979) that oxytocin titres increase slightly in the last 9 h before delivery in sows and that this increase is associated with a transform¬ ation of uterine electromyographic activity from an irregular to a regular pattern. A further increase in oxytocin output accompanies the expulsion of the piglets. If relaxin exerts a similar effect in the pregnant sow as has been reported for the rat, then the correlation revealed in the present study between relaxin titres after the surge and the birth interval may be due both to the myometrial inhibitory and the oxytocin suppressive actions of the hormone. (1988) reported that infusion of relaxin into ovariectomized mini-pigs abolished myometrial electromyographic activity, although not indefinitely, since activity eventually returned despite continued infusion of the hormone. Similarly, Jones & Summerlee (1986b) found that some of their rats which received continuous infusions of relaxin delivered before the infusions were completed, albeit later than did saline-treated controls. Both of these findings are consistent with the observations of the present work that pigs, controls and PG-analogue treated, delivered with widely different plasma relaxin titres. Moreover, although the birth intervals were longer in pigs with higher post-peak relaxin titres and in rats receiving relaxin infusions (Jones & Summerlee, 1986b) , the neonatal mortality was not increased in either group. This may reflect another action of relaxin, softening of the cervix (see Porter, 1981; Sherwood, 1982) , thus reducing the mortality associated with even the protracted parturitions.
Treatment of the gilts with a single dose of a PGF-2a analogue led to an immediate relaxin surge, but the plasma profile of relaxin during the last 48 h before delivery differed significantly from that in the control gilts. These data are similar to those of Sherwood et ai (1976) in that the majority of treated animals experienced a second period of elevated relaxin concentrations before giving birth. In view of these differences in the secretion pattern between animals it is not surprising that the correlations between relaxin concentrations at a particular time and the farrowing intervals were less consistent than in control pigs. For this reason a further analysis was performed to compare the characteristics of parturition between 'one-peak' and 'two-peak' animals. It was apparent that animals experiencing a second peak took longer to go into labour and also had longer farrowing intervals.
It is well established that the release patterns of a variety of other hormones alter signifi¬ cantly at term and that these too play a role in the initiation of labour (reviewed by First et ai, 1982; Taverne, 1982; Porter, 1989) . PGF-2a is clearly important but was not measured in the present study. However, we were able to examine the relationship between the changes in three steroid hormones and the farrowing intervals. There was little correlation with the progesterone concentrations which started to fall about 36 h before the start of parturition. This is in agree¬ ment with the study of Watts et al. (1988) who concluded that the lack of correlation was attributable to the rising relaxin titres replacing progesterone as the principal myometrial inhibi¬ tor at this time. Taverne et al. (1979) also reported that changes in electrical activity of the uterus did not start until some time after progesterone concentrations had fallen and oestrogen concentrations had risen. In the present study there was no relationship between farrowing in¬ tervals and the concentration of oestradiol-17ß, but there was a slight indication that high con¬ centrations of oestrone in the last 6 h before parturition were associated with slower deliveries. At present the role of oestrogen in regulating myometrial activity in the sow is unclear. Oestro¬ gen concentrations rise gradually in late pregnancy and are generally thought to be stimulatory upon the uterus via an action on PGF-2a release. However, treatment of late pregnant pigs with large doses of exogenous oestrogen in three separate studies was unable to induce parturition (see First et ai, 1982) . In ovariectomized, progesterone pre-treated, non-pregnant sows a single injection of oestradiol-17ß induces a cyclic pattern of myometrial electromyographic activity for up to 2 days in which periods with regular, well-propagated bursts alternate with periods of quiescence (Taverne, 1982) .
In conclusion, our data support the general hypothesis that relaxin can regulate both the timing and speed of parturition. This may be achieved both by a direct inhibition of electrical activity in the myometrium and by preventing the central release of oxytocin. Therefore a reduction in circulating relaxin concentrations would appear to be a necessary prerequisite for normal delivery. This may be an important point to consider in designing treatments in which relaxin is used for its beneficial role in cervical ripening.
